Objective: To investigate if nonsense mutation SYCE1 c.613C˃T -found in 32 women with familial primary ovarian insufficiency (POI)-is actually responsible 33 for infertility, and to elucidate the involved molecular mechanisms. 34 Design: As most fundamental mammalian oogenesis events occur during the 35 embryonic phase, thus hindering the study of POI's etiology/pathogeny in 36 infertile women, we have used CRISPR/Cas9 technology to generate a mouse 37 model line with an equivalent genome alteration (humanized mice).
Introduction
(http://watcut.uwaterloo.ca/template.php) and restriction enzyme analysis 169 (nc2.neb.com/NEBcutter2/), and ordered from IDT as 4 nmole Ultramer DNA 170 Oligo (IDT, USA). Protospacer adjacent motif (PAM) was disrupted in the 171 ssODN in order to avoid repeated nuclease action after the desired edition. 172 Mice and zygote manipulation for genome editing was performed as previouly 173 described [46, 47] . For details, see Expanded discussion of the Materials and 174 Methods. Fertility tests 187 Fertility was assessed both for females and males by mating 2-month-old 188 mutant mice homozygous for the change with adult WT mice of opposite 189 gender. Heterozygous mutants and WT mice were used as control groups. 190 Assays were performed in triplicate for each gender in breeding pairs or trios 191 (two females and one male). After at least 3 months without offspring, the 192 analyzed individuals were considered infertile. Whole adult testes and ovaries were primary fixed in 2.5% glutaraldehyde, 196 postfixed in 1% osmium tetroxide, dehydrated and resin-embedded (Durcupan, 197 Fluka) according to conventional procedures [48] . Thereafter, 250 nm sections 198 were cut using a Power Tome XL ultra-microtome (Boeckeler Instruments, 199 USA), stained with toluidine blue, and examined by bright field microscopy. (1:200) and for Western blots (0.3 µg/mL).
221
The other antibodies employed in this study were either commercial, or 222 described in detail elsewhere [26] . For more information, see Expanded For RT-qPCR on embryonic ovaries, the same kit was directly employed after a 274 lysis reaction with no previous RNA extraction (due to the scarcity of the tissue).
275
The primers used are listed in Supplemental Table 1 . We made 3 biological Fig 1A) . SYCE1 c.613C˃T is a nonsense mutation that would lead to a 290 truncated human SYCE1 protein of 240 residues, while its WT counterpart has 291 351 amino acids. In mouse, an equivalent mutation would lead to a truncated 292 protein of 242 amino acids, as compared to the WT 329-residue version.
293
Design of molecules to be used in the directed mutagenesis (sgRNA and 294 ssODN) was optimized to favor the HDR (homology directed repair) pathway 295 ( Fig 1B) [58]. Specimens resulting from microinjected zygotes (F0) were 296 genotyped in search of the desired change, and then mated with WT individuals 297 to obtain F1 generation. Afterwards, heterozygous specimens from F1 were 298 intermated to generate F2 offspring. As expected, the latter included WT 299 specimens as well as others heterozygous and homozygous for the desired 300 point mutation, which in mouse corresponds to Syce1 c.727C>T ( Fig 1C) . When gonadal size and aspect were assessed, no evident differences 318 were found between adult WT and heterozygous mutant mice, neither for 319 females nor for males (Supplemental Fig 1A) . However, adult homozygous 320 mutants showed striking differences in gonadal size and aspect as compared to 321 their WT littermates, and this proved to be true both for female and male adult 322 individuals ( Fig 1D) . Fig 1C) , the microscopic analysis of gonadal content from adult biallelic male 330 mutant mice evidenced a severely affected spermatogenesis process with 331 complete absence of post-meiotic stages ( Fig 1E) . The seminiferous tubules of 332 16 these mutants were also depleted from mid and advanced prophase I stages 333 (i.e. pachytene and diplotene), indicating an arrest in early meiotic prophase I 334 stages. Moreover, the seminiferous tubules were much smaller than those of 335 the WT and monoallelic mutants, and exhibited an unusual aspect ( Fig 1E) . 336 In order to have stronger quantitative comparative analyses, testicular 337 cell suspensions from adult mice were analyzed by flow cytometry (FCM), 338 mainly based on DNA content. Figure 1F shows representative FCM results.
339
While no significant differences were found between WT and heterozygous 340 mutants, this study confirmed for the biallelic mutant males complete absence 341 of post-meiotic C population ( Fig 1F) . Regarding the 4C population, the FCM 342 analyses hereby presented were obtained using the DNA-specific fluorochrome 343 VDG that -as we had previously reported-allows the discrimination of two the histograms as a 4C bimodal peak ( Fig 1F) , this latter could not be observed 348 in the FCM profiles from biallelic mutants ( Fig 1F) that resembled those 349 expected for 13-14 dpp WT juvenile mice [59] . and WT littermate controls were statistically compared using a chi-square test 365 (X 2 ). Once again, no evident differences were found between monoallelic 366 mutants and WT littermates (X 2 [1, N = 84] = 0.26, p = 0.61), with both 367 presenting normally-looking spread chromosomes that had reached the 368 pachytene stage (Fig 2A) . However, biallelic mutants consistently showed 369 impaired synapsis, presenting, at most, closely juxtaposed chromosomes that 370 resembled earlier meiotic prophase stages (Fig 2A) . These findings proved to 371 be true for both genders (herein shown for females), and indicate that the sole 372 biallelic presence of the point mutation severely affects homologous 373 chromosome synapsis (X 2 [1, N = 84] = 134.6, p < 0.00001), and would most 374 probably account for the observed gametogenesis failure.
375
As mentioned above, Syce1 c.727C˃T is a nonsense mutation that 376 would lead to a truncated protein of 242 amino acids, as compared to the WT 377 329-residue version. In order to evaluate the eventual presence of the putative 378 truncated SYCE1 protein in the SC of mutants, we addressed protein 379 immunolocalization employing an antibody specially developed against the 380 SYCE1 amino terminal (N-t) region (see Materials and Methods). We clearly 381 18 detected SYCE1 in spread meiocytes from WT and monoallelic mutant 382 individuals, but not in those of biallelic mutants. This result was observed for 383 either of both genders (herein shown for females; Fig 2B) , and was consistently 384 obtained for all biological and technical replicates. restricted to the XY body in pachytene stage. No difference in this regard was 400 detected between WT and monoallelic male mutants ( Fig 3D) . However, as 401 expected for a pre-pachytene meiotic arrest, no restricted staining for the sexual 402 chromosome pair was found in biallelic male mutants, which presented a diffuse 403 γH2AX staining pattern, characteristic of earlier meiotic stages ( Fig 3D) . The putative truncated SYCE1 protein is not detected in mutant mice 406 testes 407 Although no SYCE1 protein was detected on assembling SCs of biallelic 408 mutant mice, still, the putative SYCE1 truncated protein could be present in 409 meiocytes, although not incorporated into the SC. In order to shed some light on 410 the molecular mechanism leading to infertility, we assessed the presence of the 411 putative truncated protein in mutant mice through Western blot analysis on 412 testicular material. These protein studies cannot be performed in females due to 413 material requirements unable to be fulfilled with embryonic ovaries (< 0.0001 g).
414
A band with an apparent molecular mass of 38 KDa was detected both 415 for WT mice and monoallelic mutants, in accordance with the predicted 416 molecular weight for WT 329-residue version of murine SYCE1 protein ( Fig 4A) . 417 No truncated SYCE1 protein (theoretical expected size: 28 KDa) was detected 418 for monoallelic mutants.
419
Concerning biallelic mutants, no protein reactive to SYCE1 antibody was 420 detected at all (see Fig 4A) . Protein gels were deliberately overloaded to 421 minimize the effects of detection sensitivity limits, but in all assays no band of 422 28 KDa was observed.
424
Syce1 transcript is fairly detected in mutant humanized mice 425 The results from the Western blot assays prompted us to analyze 426 transcript levels. As shown in Figure 4B , Syce1 transcript quantitation rendered 427 big differences between WT and biallelic mutants that exhibited minimum 428 mRNA levels, both for embryonic ovaries (p< 0.0001) and for adult testes (p< 429 0.005).
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Less pronounced but still significant differences were obtained between 431 WT and monoallelic mutant males that showed intermediate transcript levels 432 (p< 0.01; Fig 4B) . On the contrary and as expected, quantitation of Sycp2 433 transcript (coding for SC LE SYCP2) rendered no significant differences 434 between the three conditions. The present work deals with some primary ovarian insufficiency cases 438 presumably related to mutations in SC coding genes, but still classified as 439 idiopathic infertility. We have worked with nonsense mutation SYCE1 440 c.613C˃T, addressing the question on its actual responsibility for the infertility 441 observed in female patients homozygous for this mutation. We have also 442 intended to shed some light on the underlying mechanisms involved. Aiming 443 these, we have applied directed mutagenesis in mouse for genome editing, and 444 successfully generated a humanized mouse line (i.e. the edited murine genome 445 contains a mutation equivalent to the one found in humans). In this regard, the 446 high percentage of identity between human and mouse SYCE1 coding genes 447 allowed us to easily find a SYCE1 c.613C˃T murine equivalent mutation (Syce1 448 c.727C>T). Generation of this animal model has enabled us to study the 449 etiology and pathogeny of these infertility cases.
450
Concerning etiology, it could be established that the biallelic presence of 451 Syce1 c.727C>T mutation is enough to cause infertility in both females and 452 males. On the other hand, mice heterozygous for the mutation were as fertile as 453 WT individuals. Thus, infertility in these cases has now proven genetic origin 454 and recessive mode of inheritance. It is worth reminding that for humans, de 455 Vries and collaborators (i.e. the authors that reported the mutation) found no 456 clinical symptoms for heterozygous individuals of both genders examined in 457 their study [42] . However, the phenotype for males homozygous for the mutated 458 SYCE1 gene could not be known at that time because all the males examined 459 in that study were heterozygous for the mutation [42] . Thus, although the 460 identification of this nonsense mutation was initially connected to cases of 461 women infertility, we can now anticipate that the biallelic mutation would equally 462 cause infertility in men.
463
The fertility results herein reported evidence an absence of sexual 464 dimorphism for this CE-related mutation. This would be in accordance with 465 previous observations for mice with loss-of-function of CR components-coding 466 genes, which were equally infertile in both genders [25, 29, 30, [33] [34] [35] , as 467 opposed to LE-component mutants that showed sexual dimorphism [22, 32] .
468
Regarding gonadal development, no differences were found between 469 monoallelic mutants and unaffected WT individuals of both genders. This is in 470 accordance with the fertile phenotype observed in heterozygous humans, and 471 also with our fertility tests results. However, analysis of gonads from adult 472 biallelic mutant mice did show striking differences both for females and males: 
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Neither SYCE1 protein nor SYCE1-downstream-loading SC components (e.g.
500
TEX12) could be detected on meiotic chromosome axes of biallelic mutant 501 humanized mice. As the mutation under study is nonsense, two hypothesis 502 concerning the pathogeny of these infertility cases arose: a) the putative SYCE1 503 truncated protein, which would lack 87 residues from the carboxyl terminus (Ct), 504 would not be recruited and loaded to the SC as its interaction with SYCE3 505 would be impaired, thus affecting normal SC assembly after SYCE3 loading 506 step; b) impaired loading could be due to the absence of the putative truncated 507 SYCE1 protein.
508
In order to shed some light on this matter, SYCE1 protein was assessed 509 by Western blot assays. Even in overloaded protein gels, we have not been 510 able to detect the putative truncated protein in the biallelic mutant mice. 
